Introduction
Ultra-high-vacuum (UHV) surface science techniques have an important role to play in helping our understanding of surface processes that are of relevance in a range of astrophysical environments [1] , such as comets, planetary atmospheres and the interstellar medium (ISM). In particular, techniques such as temperature-programmed desorption (TPD) and surface infrared spectroscopy, especially reflection-absorption infrared spectroscopy (RAIRS), give data that help us to model these environments using realistic conditions. Here, we will demonstrate the role that surface science techniques play in understanding the thermal processing of model interstellar ices, using CO 2 -and H 2 Ocontaining ices as an illustrative example. by the absence of any desorption during TPD experiments performed with no dosage. Research grade CO 2 (BOC 99.9%), CH 3 OH (Fisher Scientific, 99.9%) and H 2 O (distilled, deionized) were used, and the H 2 O and CH 3 OH were purified by repeated freeze-pump-thaw cycles. Ices were grown in situ by backfilling the chamber through a high-precision leak valve. All exposures are measured in Langmuir (L), where 1 L = 10 −6 mbar s. RAIR spectra were recorded using a Mattson Instruments RS1 Research Series Fourier transform infrared spectrometer and liquid-nitrogencooled mercury cadmium telluride (MCT) detector. Spectra were recorded at a resolution of 2 cm −1 and are the result of the co-addition of 128 scans. For the annealed RAIRS experiments, the sample was held at the pre-determined temperature for the duration of the experiment. TPD spectra were recorded at a heating rate of 0.50 ± 0.01 K s −1 with a Hiden Analytical HAL 201 quadrupole mass spectrometer.
Results and discussion
(a) Temperature-programmed desorption data (i) Pure CO 2 ices on highly oriented pyrolytic graphite While pure CO 2 ices are not seen in the ISM, the study of pure ices is important to determine whether any adsorbate-substrate interactions are involved in the growth and desorption of the ices. Kinetic data can also be derived from the TPD spectra of pure ices, which can then be incorporated into astrophysical models simulating the desorption of molecular ices on astronomical time scales [53] [54] [55] . Figure 1 shows TPD spectra recorded for CO 2 adsorbed on HOPG at 33 K. At the lowest CO 2 exposure, one peak is observed at 83 K with a low-temperature shoulder at 77 K. As shown in figure 1, this peak can be assigned to the desorption of monolayer CO 2 , directly associated with the HOPG surface. This peak shows characteristics of first-order desorption, as expected for a monolayer, with a constant peak temperature and an asymmetric peak shape. Further CO 2 exposure shows a gradual increase in the size and temperature of the low-temperature shoulder, and at higher CO 2 exposures the low-temperature shoulder merges into the main peak and grows to dominate the spectrum. This main peak increases in temperature with increasing CO 2 dose and can be assigned to multilayer desorption of CO 2 . This peak does not saturate with increasing CO 2 exposure and shows characteristics of zero-order desorption. Comparing with previous TPD studies of physisorbed CO 2 on Au and HOPG [50, 51] , good agreement is observed.
The TPD data in figure 1 can be analysed in order to determine the kinetic parameters that govern the desorption of CO 2 from HOPG. Desorption parameters calculated from UHV TPD studies are crucially important, as they can be incorporated into astrophysical models in order to determine desorption temperatures on an astrophysical time scale, as well as the residence times of the molecules in interstellar ices [54] . Desorption temperatures obtained from laboratory TPD data cannot be directly incorporated into astrophysical models, because desorption is a nonequilibrium process that depends on the rate at which the ice is heated. Typical heating rates of icy mantles in hot cores are around 1 K century −1 [55, 56] , compared with 0.5 K s −1 in the laboratory. The kinetic parameters determined in the laboratory are therefore used to determine the expected desorption temperatures of ice components under real interstellar conditions. In order to be as realistic as possible, models need to incorporate both an appropriate heating rate and also correct information about the trapping of species within interstellar ices (see later).
Kinetic analysis of the TPD spectra in figure 1 was undertaken using leading edge methodologies described in detail previously [1] . The average monolayer desorption order was determined to be 0.73 ± 0.02. The desorption order of the multilayers could not be determined, because the leading edges of the TPD spectra at higher doses (inset figure 1) are not perfectly shared, as would normally be expected for multilayer desorption. It is not clear what causes the leading edges to not be perfectly shared, although it is likely that it could be due to the formation of crystalline CO 2 , which is known to have taken place by 87 K [47] . Analysis of the data to determine the desorption order of the multilayer gives small negative values, which is clearly unrealistic. The desorption order of multilayer CO 2 was therefore assumed to be equal to zero, in agreement with previous studies [50] . The desorption energies of monolayer and multilayer CO 2 adsorbed on HOPG were determined to be 20.2 ± 2.3 and 24.8 ± 1.6 kJ mol −1 , respectively, in agreement with previous work [20, 32, 34, 46, 51] . Finally, the pre-exponential values for the desorption of CO 2 were determined to be 9.9 × 10 14±0.9 s −1 and 1.1 × 10 30±1.5 mol m −2 s −1 for monolayer and multilayer CO 2 , respectively. Comparing the kinetic parameters for CO 2 desorption determined here and those cited in the literature [20, 32, 34, 46, 51] , some striking differences are evident. Ulbricht et al. [51] assumed a desorption order of zero from qualitative inspection of their data for multilayer ices, but calculated a first-order pre-exponential factor of 6 × 10 14±1 s −1 . Sandford & Allamandola [20] , Gálvez et al. [32] and Maté et al. [34] also assumed a desorption order of zero, but used a firstorder pre-exponential factor of 3 × 10 12 s −1 , which is clearly not accurate. The determination of accurate kinetic parameters is of great importance in modelling desorption in molecular clouds and star-forming regions in the ISM [54] . An example of this is illustrated in figure 2 , which shows a simulated desorption spectrum for a 0.3 µm thick interstellar ice, containing H 2 O and CO 2 (13%). An astrophysically relevant heating rate of temperature = 1.706 × 10 −4 × time 1.289 was used, characteristic of a hot core surrounded by a medium-mass star, as used previously [53] . This spectrum was simulated using kinetic data derived from the TPD spectra shown in figure 1 , and also using information about the trapping of CO 2 in H 2 O ice (described here later). The simulations were based on a model originally developed by Collings et al. [50] . Clearly, the desorption of surface CO 2 at low temperatures occurs at a much lower temperature than observed in the laboratory. In addition, high-temperature features corresponding to the desorption of CO 2 along with the water ice film (see later) are also observed. These data show the power of laboratory TPD studies, which allow us to simulate the desorption of 'real' interstellar ices in this way, thus providing data that can be incorporated into astronomical models.
(ii) CO 2 adsorbed on amorphous solid water and so the study of layered ices is of direct relevance to astrochemistry. TPD data were recorded for various doses of CO 2 adsorbed on 100 L of pre-adsorbed water. ASW is known to be formed on a surface when it is vapour deposited on a cold substrate at temperatures below 140 K [38, 58] , and hence the CO 2 layers are adsorbed on ASW as expected in the ISM. Figure 3a shows TPD spectra for a range of CO 2 doses adsorbed on 100 L of ASW at 33 K. Three desorption features are observed in the spectrum (figure 3a). A broad, low-temperature, peak centred at 90 K is observed in addition to two high-temperature peaks, not observed for pure CO 2 ice (figure 1). Increasing the CO 2 exposure leads to an increase in the size of the lowtemperature peak with no shift in peak temperature. The two high-temperature peaks do not show any significant change in peak temperature upon increasing CO 2 dose, but they do appear to saturate as the CO 2 dose increases. Figure 3a also shows the desorption peak recorded for H 2 O. The H 2 O TPD is unaffected by the adsorption of a layer of CO 2 on top of the ASW. The H 2 O TPD peak shows one main peak, with a desorption temperature of 167 K (characteristic of the desorption of crystalline H 2 O) [59] , and a low-temperature shoulder at 158 K, assigned to the amorphous to crystalline phase transition of ASW [59] .
Assignment of the CO 2 desorption features seen in figure 3a can be made by comparison with the TPD spectra of pure CO 2 (figure 1), with previous studies of layered CO 2 /H 2 O ices [32, 38, 47, 50] and with studies of layered ices containing other volatiles adsorbed on ASW [50, 60, 61] . The broad, low-temperature, CO 2 TPD peak seen in figure 3a can be assigned to the desorption of pure CO 2 from the surface of the ASW. The peak is broadened, compared with that observed for CO 2 adsorbed on HOPG, owing to the highly heterogeneous nature of the ASW surface, which has a wide range of adsorption sites. The two high-temperature CO 2 TPD peaks in figure 3a are coincident with the features observed in the H 2 O TPD spectrum and can hence be assigned to the desorption of CO 2 trapped within the porous ASW surface. These features are assigned to volcano desorption of CO 2 , which occurs as the amorphous to crystalline phase transition takes place, and to CO 2 codesorption with the main H 2 O ice peak, as shown in the inset to figure 3a. The volcano desorption peak saturates as more CO 2 is dosed on top of the ASW film. The ability of ASW to trap molecules has been shown to depend on its morphology, and rearrangement of the structure prior to the amorphous to crystalline phase transition is known to occur [37, 38, 50, 58] . This rearrangement seals off pores in the ASW surface, trapping species within the ice that are then released during the phase transition [50] . This trapping effect of ASW has been found to be crucially important in the ISM, as it strongly influences the desorption temperature of small molecules such as CO and CO 2 and hence influences their gas-phase concentrations [55] . The exact amount of CO 2 trapped within the ASW matrix is influenced by the thickness of the H 2 O ice, not by the amount of CO 2 dosed. In accordance with this observation, the spectra in figure 3b show the CO 2 volcano peak for 20 L of CO 2 dosed onto different thicknesses of ASW. Clearly, the thicker the ASW film, the more CO 2 is trapped in the H 2 O ice to then desorb as volcano and co-desorbed CO 2 .
Quantitative analysis of the TPD data in figure 3a was also performed. CO 2 monolayers were found to desorb with a desorption order of 1.09 ± 0.06, a desorption energy of 17.5 ± 7.5 kJ mol −1 and a pre-exponential factor of 2.7 × 10 7±2 s −1 . The kinetic parameters for CO 2 desorption are strongly affected by the ASW surface, as these values are very different from those measured for CO 2 desorption from bare HOPG. In particular, the pre-exponential factor is seven orders of magnitude smaller for CO 2 desorption from the ASW surface compared with desorption from bare HOPG. It is not clear exactly what leads to this large difference in the pre-exponential values, but it is most probable that this is due to the heterogeneous ASW surface leading to different structures of the CO 2 in each case. An additional factor that may give rise to at least some of this difference could also be the different desorption orders obtained for the two systems. The heterogeneous nature of the ASW surface also accounts for the much larger error in the 
(iii) CO 2 : H 2 O mixtures
The most astrophysically relevant ice systems are those in which volatile molecules are intimately mixed with the ASW ice, as these ices more closely represent real astrophysical ices, which contain a range of species, with H 2 O as the largest component. Figure 4 shows a comparison of TPD spectra recorded for 100 L of a 15% CO 2 : H 2 O mixed ice with spectra for pure and layered ices. The behaviour of the mixed ice is similar to that observed for the binary layered ices, but with some important differences. In particular, the volcano peak, which occurs as the H 2 O amorphous to crystalline phase transition takes place, is the dominant peak for the mixed ice. As already discussed, the volcano peak arises due to the trapping of the CO 2 within the pores of the H 2 O ice as they close up during initial rearrangement of the H 2 O ice and prior to the amorphous to crystalline phase transition. In the layered ices, trapping of the CO 2 only occurs in the top few layers of the H 2 O ice, whereas, in the mixed ice, trapping can occur throughout the ice. Hence, it is unsurprising that a greater proportion of the CO 2 is trapped in the mixed ice than in the layered ice. What is perhaps more surprising is that some CO 2 desorption is observed at low temperatures, even for the mixed ice. This suggests that the CO 2 is small enough to diffuse through the porous H 2 O ice structure to come off the surface at its 'natural' desorption temperature. This observation is confirmed by experiments when ASW is adsorbed on top of CO 2 , which show TPD spectra very similar to those observed in figure 3a . A larger co-desorption peak is also observed for the mixed CO 2 ice than for the layered ice, which is again due to the fact that the CO 2 is distributed throughout the ice.
(b) Reflection-absorption infrared spectroscopy data
As well as TPD data, infrared studies can also tell us a great deal about the behaviour of astrophysically relevant ices. In particular, laboratory infrared studies are invaluable for comparisons with astronomical observations, as they allow us to determine the phase (gas or solid) and environment (polar or apolar) of various molecules observed in the ISM, as well as the exact composition of the interstellar ices (see §3). Further increasing the CO 2 exposure shows an increase in intensity of all bands, but no further frequency shift. From comparison with infrared spectra for CO 2 adsorption on a range of surfaces [15,20-48,62] and with gas-phase CO 2 spectra [63] , assignment of the infrared bands seen in figure 5 can be made. Gas-phase spectra show one peak at 2349 cm −1 , assigned to the υ 3 stretching mode of CO 2 . Hence the band at 2341 cm −1 can be assigned to the υ 3 mode of CO 2 physisorbed on HOPG at 28 K. The band seen at 2382 cm −1 is not seen in infrared studies of amorphous CO 2 ices recorded at normal incidence to the surface; however, this band is observed in infrared spectra of crystalline CO 2 ices [27, [64] [65] [66] [67] [68] and also in spectra of amorphous ices recorded at grazing incidence [23, 30, 31, 36] . Infrared studies of crystalline CO 2 ices generally show a broad, multipeak, feature between 2340 and 2380 cm −1 [27, [64] [65] [66] [67] [68] . In particular, Ovchinnikov & Wight [27] the CO 2 υ 3 stretching mode, split as a consequence of the crystalline nature of the CO 2 ice, to be at 2344 and 2381 cm −1 , respectively. However, this does not explain the observation of the band at 2382 cm −1 in amorphous ices. Instead, as discussed by Baratta & Palumbo [30, 36] and Baratta et al. [31] , and confirmed by studies in our laboratory [69] , the observed LO-TO splitting is caused by coupling of polarized phonon vibrations within the CO 2 ice with the electric field of the incident radiation at grazing incidence, known as the Berreman effect [70] . Hence the bands at 2382 and 2341 cm −1 are assigned to the LO and TO phonon modes of the υ 3 stretching vibration, respectively. The LO phonon mode of the CO 2 υ 3 vibration increases in frequency with increasing CO 2 coverage and decreases in frequency with increasing surface temperature (figure 5b). Hence the position of this band is directly related to the coverage of CO 2 on the surface and this behaviour is not a consequence of the optical properties of CO 2 [69] . The broad band at 2373 cm −1 has not previously been observed in the literature. However, since the coverage of CO 2 on the HOPG surface affects the position of the LO phonon mode, this band could be caused by a modification of the polarization of the phonon vibrations within the ice. The CO 2 ice is expected to be heterogeneous and amorphous, which would cause disruptions to the phonon vibrations within the ice and therefore may affect the interaction of the incident light with the phonon mode. Hence this band is tentatively assigned to a weakly polarized LO phonon mode of the CO 2 υ 3 stretching mode. Figure 6 . A comparison of RAIR spectra recorded for a range of CO 2 ices adsorbed on HOPG at 30 K. The top spectrum is for pure CO 2 , the second from top spectrum is for CO 2 adsorbed on 100 L of ASW, the third from top spectrum is for a 15% CO 2 : H 2 O ice adsorbed on HOPG and the bottom spectrum is that recorded for CO 2 adsorbed on top of 100 L of a 15% CH 3 OH : H 2 O mixed ice. In all cases, the CO 2 dose is equivalent and is equal to 15 or 20 L, depending on the ice. (Online version in colour.)
HOPG. These observed frequency shifts are the opposite of those observed on adsorption, and suggest that the exact vibrational frequency for CO 2 depends on the coverage on the surface, as already discussed.
(ii) Layered and mixed CO 2 : H 2 O ices Figure 6 shows a comparison of CO 2 RAIR spectra for pure CO 2 on HOPG (top spectrum), CO 2 adsorbed on ASW (second from top) and a CO 2 : H 2 O mixture (third from top). In all cases, the amount of CO 2 in the ice is roughly equivalent (15-20 L). Also included is an infrared spectrum for CO 2 adsorbed on top of a mixed CH 3 OH : H 2 O ice (bottom spectrum-see later for discussion of this spectrum).
It is clear from figure 6 that the presence of H 2 O in the ice makes a big difference to the infrared spectra that are observed. This shows the importance of modelling interstellar ices as realistically as possible, since the infrared spectra recorded are clearly very dependent on the composition of the ice. As already discussed, pure CO 2 adsorbed on HOPG at low doses gives rise to a band at 2376 cm −1 , assigned to the LO mode of the CO 2 υ 3 stretching mode. However, when CO 2 is adsorbed either on top of H 2 O or in a mixture with H 2 O, a band at 2346 cm −1 is observed. This band is clearly characteristic of CO 2 interacting with and/or trapped within the H 2 O ice matrix. This band does not occur due to LO-TO coupling and arises due to a real physical interaction between the CO 2 and H 2 O ice. This is confirmed by infrared spectra that result from annealing 100 L of CO 2 ice adsorbed on top of ASW. The spectra that result from this experiment give a band at 2346 cm −1 -exactly as observed in figure 6-at temperatures above those at which pure CO 2 desorbs from the surface (figures 1 and 5). TPD spectra ( figure 3) show that, at these temperatures, CO 2 is trapped in the H 2 O ice, desorbing as volcano and co-desorbed CO 2 . Hence this infrared band arises due to the presence of CO 2 trapped in, or interacting directly with, H 2 O ice. Exactly the same effect is observed in infrared experiments resulting from the annealing of mixed CO 2 : H 2 O ices, with a band at 2346 cm −1 finally disappearing from the infrared spectrum following annealing to 160 K. (c) The effect of CH 3 OH on CO 2 -bearing ices Most laboratory surface science studies of interstellar ices study binary (two-component) ices, with H 2 O as the main component, as already discussed here. However, interstellar ices contain a wide range of species, including H 2 O, CO, CO 2 and CH 3 OH along with minority species such as CH 4 and OCS [71] . Therefore, to understand the thermal processing of real astrophysical ices, the current laboratory definition of these ices needs extending. CH 3 OH is typically the second most abundant species in interstellar ices and is the most abundant organic molecule detected in cometary comae, interstellar ices and on a variety of bodies at the edge of our Solar System. The abundance of CH 3 OH varies depending on the environment, ranging from as low as 5% with respect to H 2 O in dark clouds, to around 30% near low-and highmass protostars.
To study the effect of CH 3 OH on CO 2 -bearing ices, RAIR and TPD spectra were recorded for CO 2 adsorbed on 100 L of a 15% CH 3 OH : H 2 O ice mixture adsorbed on HOPG at 33 K. TPD spectra for the adsorption of 20 L of CO 2 on a mixed CH 3 OH : H 2 O ice are shown in figure 7. Several differences are observed when compared with the TPD spectra for layered and mixed ices seen in figure 4 . Firstly, the low-temperature shoulder on the leading edge of the H 2 O TPD trace, characteristic of the H 2 O amorphous to crystalline phase transition, is not observed for the CH 3 OH : H 2 O mixed ice. This is also observed for layered CH 3 OH/H 2 O ices [61] and arises because CH 3 OH lowers the temperature of the H 2 O phase transition so that it occurs before the onset of H 2 O desorption [72] .
However, the most important difference between the TPD spectra in figure 7 and those in figure 4 is the behaviour of the desorbing CO 2 . In particular, no volcano desorption is observed for CO 2 desorbing from the surface of a CH 3 OH : H 2 O ice. Instead, there are three main peaks for CO 2 desorption. A broad, low-temperature, peak centred at around 90 K is observed, which is assigned to CO 2 desorption from the surface of the CH 3 OH : H 2 O ice. A second feature, possibly consisting of two peaks, is observed at around 140 K, which is coincident with a peak in the CH 3 OH desorption (middle spectrum, figure 7 ). This is assigned to the desorption of CO 2 and CH 3 OH as the H 2 O amorphous to crystalline phase transition takes place at a considerably lower temperature due to the presence of CH 3 OH in the ice. Finally, a third CO 2 desorption peak is observed at around 170 K, which is assigned to the co-desorption of CO 2 trapped within the CH 3 OH : H 2 O ice.
Clearly, the presence of CH 3 OH in the ice affects the desorption behaviour of CO 2 considerably, demonstrating the importance of using the most realistic models possible when performing surface science studies of interstellar ices. This is also clearly demonstrated if the integrated area of the CO 2 TPD peaks for the trapped features desorbing from on top of ASW is compared with the high-temperature peaks (due to trapped CO 2 species) for CO 2 desorbing from on top of a CH 3 OH : H 2 O ice. In the latter case, the trapped CO 2 desorption features correspond to 2 L of CO 2 , whereas in comparison the trapped CO 2 features desorbing from an ASW film equate to an 8 L exposure of CO 2 . Clearly, a CH 3 OH : H 2 O ice has less capacity to trap small volatiles such as CO 2 when compared with a pure H 2 O ice. This is most probably because some of the pores of the H 2 O are already filled with CH 3 OH. In addition, the structure of the CH 3 OH : H 2 O ice will be different when compared with pure H 2 O ice, owing to the presence of the CH 3 OH.
Quantitative analysis of TPD spectra was also conducted for CO 2 adsorbed on CH 3 OH : H 2 O ice, although only for multilayers of CO 2 . CO 2 multilayers were found to have a desorption order of zero, a desorption energy of 24.3 ± 2.4 kJ mol −1 and a pre-exponential factor of 2.3 × 10 29±0.8 mol m −2 s −1 . As expected, multilayer desorption does not depend on the nature of the underlying substrate, as these parameters are very similar to those for pure CO 2 and for CO 2 desorbing from on top of ASW. RAIR spectra for CO 2 adsorbed on top of CH 3 OH : H 2 O ice are also different from those for other ices, as seen in figure 6 (bottom spectrum). The spectrum for CO 2 adsorbed on top of a mixed CH 3 OH : H 2 O ice is a complex convolution of the spectrum for pure CO 2 and that for CO 2 that the RAIR spectrum for CO 2 adsorbed on top of a CH 3 OH : H 2 O ice does not resemble the spectrum for CO 2 adsorbed on ASW, and in fact it seems to contain a feature that looks like that observed for pure CO 2 ice. However, as already discussed, the CH 3 OH : H 2 O ice is considerably less porous than the pure ASW ice (shown by its ability to trap less CO 2 ). Hence, multilayer CO 2 builds up more rapidly on the CH 3 OH : H 2 O ice than it does on ASW. In this case, even following a dose of only 20 L of CO 2 , the spectrum already contains a component that looks like that expected for pure CO 2 ice. In agreement with this observation, previous work [34] has shown that CH 3 OH traps less CO 2 than ASW. The RAIR spectrum for CO 2 adsorbed on top of CH 3 OH : H 2 O (bottom spectrum, figure 6 ) also contains a feature that can be assigned to CO 2 interacting with H 2 O, as seen for layered and mixed binary ices. It is not clear what gives rise to the feature at 2361 cm −1 . However, it is possible that this is due to the interaction of CO 2 with CH 3 OH. Previous work [22] has suggested the formation of a CO 2 -CH 3 OH complex in the ISM, and it is possible that this feature may arise due to the formation of a complex such as this.
A more realistic model of interstellar ices would consist of a tertiary mixed ice containing CO 2 , CH 3 OH and H 2 O. While we have not undertaken studies of this type for CO 2 -bearing ices, we have performed studies of this sort for OCS-containing ices [73] . From both the CO 2 ices discussed here, and the OCS-bearing ices discussed in detail elsewhere, it is very clear that CH 3 OH had a big effect on the desorption of small molecules from ices, and hence the importance of modelling interstellar ices as realistically as possible is reinforced.
Summary and conclusions
Surface science investigations of the thermal processing of astrophysically relevant ices are a powerful tool that allows crucial information to be determined about ices in a range of astrophysical environments. We have recorded TPD data for several CO 2 -and H 2 O-containing ices, and have determined the kinetic parameters for desorption in each case, as summarized in table 1. Clearly, the multilayer desorption parameters are not dependent on the nature of the underlying substrate (HOPG, ASW or CH 3 OH : H 2 O). However, the monolayer desorption parameters do depend on the substrate, as expected. As well as desorption parameters, TPD data can also be used to give detailed information about the trapping behaviour of species within the H 2 O and CH 3 OH matrix. These data are useful, as they allow us to model desorption under real astrophysical conditions. The UK EPSRC are acknowledged for a studentship for J.L.E., and the Leverhulme Trust are acknowledged for a post-doctoral fellowship for D.J.B.
